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Introduction
To meet the challenges in the today's automobile requirements, such as durability, reliability and sustainability, new emerging technologies were developed in the field of welding, since it plays a major role in many automobile components. In this manner, in order to weld low carbon automotive steel, commonly used technique in the automotive industry sector is the resistance spot welding (RSW). RSW has many limitations such as high wear rate of electrode, which FSSW was initially limited to join aluminium alloy due to the difficulty in selecting the appropriate tool materials that can withstand the high temperature during friction stir spot welding of steels. However, with the development of new tool materials, now this process can be applied to weld steels. Aato et al. [5] , used a probeless frictions stir spot welding tool to join low carbon steel plates. The rotating tool of 3.6 mm diameter, rotating at 18,000 rpm, was plunged into the upper plate at a rate of 0.2 mm/s, and then kept at a maximum plunged depth of 0.05-0.25 mm for 0-1 s (dwell time). In the weld obtained by this process, a hole due to the impression of the plunged tool probe was not formed.
Baek et al. [6] , fabricated friction stir spot welded galvanized steel joints and reported that there was no mechanically mixed layer between the top and bottom plates at the weld nugget due to the limited tool penetration and the lower pin height of the welding tool than the steel plate thickness.
Baek et al. [7] , joined low carbon steel plates by friction stir spot welding (FSSW) with lap configuration and observed that the tool penetration depth exerted a strong effect on failure mode of joining samples and a weak effect on the joint shear strength. They also reported that, with increasing tool penetration depth, and consequently with increasing depth of the tool shoulder pressing into top sample, failure mode in a lapshear test changed from brittle to ductile and concentrated near the pinhole located away from the weld towards base metal.
Sun et al. [8] , investigated the microstructure and mechanical properties of mild steel joints prepared by a flat friction stir spot welding technique. The author observed that, during lap shear testing, when the weld failed through the interfacial mode, the load dropped to zero in a very short time after a failure. However, when the weld fracture through the plug failure mode, the applied load starts to drop as the crack initiates. Sun et al. [9] conducted a feasibility study on friction stir spot welding of low carbon steel plates with high frequency induction as an additional heat source and reported that with preheating, sound welds can be obtained with less amount of load and low rotational speed and also they observed that the shear tensile load also can reach a maximum value of 12.4 kN.
In FSSW, it is essential to understand the effect of process parameters such as rotational speed, dwell time and plunge depth on the weld quality characteristics [10] [11] [12] . In order to investigate the effect of these process parameters, most of the researchers follow the traditional experimental techniques by varying one parameter at a time while keeping the others constant. This conventional step-by step optimization approach involves a large number of independent runs and does not take into account the possible interactions between factors. To avoid these disadvantages, the use of design of experiment (DoE) is the most efficient means to reach conclusions with a minimum of trials. Though research work applying the design of experiments and response surface methodology on friction stir spot welding of aluminium alloys have been reported in literature [13] [14] [15] , it appears that the empirical relationship between FSSW process parameters and quality characteristics (i.e. tensile shear failure load) of friction stir spot welded automotive steel has not been reported yet. Hence, in this investigation, design of experiments was used to conduct the experiments for exploring the interdependence of the process parameters and second order quadratic models for the prediction of tensile shear failure load of friction stir spot welded low carbon steel joints were developed from the data obtained by conducting the experiments.
Experimental work

Identifying essential friction stir spot welding process parameters
The base metal used in this investigation is low carbon automotive steels. The chemical composition and mechanical properties of the base metal are shown in Tables 1 and 2 . From the feasibility study carried out in our laboratory, among many independently controllable primary and secondary process parameters affecting the tensile shear failure load, the process parameters of rotational speed (N), plunge depth (P), and dwell time (D), were selected for this study. These three are the parameters that decide the bonding characteristics and subsequently influencing the tensile shear failure load variations in the friction stir spot welded low carbon automotive sheets.
Feasible limits of process parameters
Trial runs were carried out using 0.8 mm-thick of low carbon automotive steel to find out the feasible working limits of FSSW process parameters. Different combinations of considered process parameters were used to carry out the trial runs. This was done by varying one of the factors from minimum to maximum, while keeping the rest of them at constant values. The feasible limits of the individual were identified by inspecting the flash formation, top surface of the weld, macrostructure (cross section of the weld) for a smooth appearance without any visible macro level defects such as pinhole and root defect. The chosen levels of the selected process parameters with their units and notations are presented in Table 3 . 
FSSW experiments and TSFL evaluation
The friction stir spot welds were made as per the conditions dictated by the design matrix (Table 4 ) at random order so as to avoid the noise creeping output response. A non-consumable tool made up of tungsten based alloy was used to fabricate the joints. A tool with a flat cylindrical shoulder diameter of 8 mm is used and pin was tapered from 3.2 to 1.6 mm. An indigenously developed friction stir welding machine was used to perform the FSSW process and the various stages of the process are shown in Fig. 1 . At each condition, three specimens were fabricated. Lap shear tensile specimens are prepared as per the dimensions shown in Fig. 2 . Some of the fabricated FSSW lap joints are displayed in Fig. 3 . A lap shear tensile test was carried out in 100-kN electromechanically controlled Universal Testing Machine (FIE-Bluestar, India; model UNITEK-94100). The specimen was loaded at the rate of 1.5 kN/min as per ASTM specifications until the faying surfaces of the specimen were sheared off, and the values of tensile shear failure loads were recorded (Table 4 ). 
Establishing an empirical relationship
In this investigation, the response surface methodology was used to predict maximum tensile shear failure load (TSFL) of automotive steel in terms of the friction stir spot welding process parameters. The application of response surface methodology to a welding procedure can be dealt elsewhere [16] . TSFL of friction stir spot-welded low carbon automotive steel is a function of the welding parameters such as tool rotational speed (N), plunge depth (P), and dwell time (D), and it can be expressed as, The second-order polynomial (regression) equation used to represent the response surface Y is given by,
And for three factors, the selected polynomial could be expressed as, Tensile shear failure load (TSFL)
The multiple linear regression coefficients for the secondorder response surface model were calculated and the final empirical relationship was constructed using only these coefficients. The developed final empirical relationship is given below:
Tensile shear failure load (TSFL)
The adequacy of the developed models were tested using the analysis of variance (ANOVA) technique and the results of second order response surface models fitted in the form of analysis of variance (ANOVA) are given in Table 5 . The value of probability P < F in Table 5 for model is less than 0.05, which indicates that the model is significant. In the same way, rotational speed (N), plunge depth (P) and dwell time (D), the interaction effect of rotational speed with plunge depth (NP), the interaction effect of plunge depth with dwell time (PD), interaction effect rotational speed with dwell time (ND) and second order term of rotational speed (N), plunge depth (P) 
Effect of FSSW process parameters
In friction stir spot welding, the base metal is substantially modified due to the elevated temperature and intense plastic deformation during the process. The metallurgical bond at the joint interface and annular bond area decides the mechanical properties of friction stir spot welded steel joints. Table 6 shows the observations from fracture samples (top and bottom views of upper sheet and top view of lower sheet) of friction stir spot welded low carbon steel joints fabricated under different processing conditions. It is observed that, three different types of failure modes were observed after lap shear tensile testing due to the effect of different process parameters used. They are interfacial, simple nugget pullout and sheet tearing with extensive deformation. This can be very well correlated with the failure loads of frictions stir spot welded joints. The process parameter such as rotational speed, plunge depth and dwell time decides the joint properties of friction stir spot welds. The heat input and processing temperature during friction stir spot welding can be controlled by decreasing the rotational speed and dwell time. The consolidation between the top and bottom sheet during friction stir welding can be controlled by plunge depth of the tool. From the empirical relationship developed, the effect of process parameters on tensile shear failure load of friction stir spot welded low carbon automotive sheets is obtained and it is presented in the form of perturbation plot in Fig. 4 . It is clear, that the TSFL increases with the increase of tool rotational speed, plunge depth, and dwell time to a certain value and then decreases. This is due to differences in the annular bond region formed and microstructural changes caused by the variations in process parameters, which also influence the failure mode of friction stir spot welded steel joints. The maximum stir zone size increases with the rotational speed. In fact, an increase in the rotational speed results in more extensive stirring and formation of wider stir zone during FSSW. It has been reported that, the shear fracture of the nugget takes place easily, when the stir zone size is small, leading to lower tensile shear failure load [17] . With increasing rotational speed, the breaking load value was increased because of the higher heat generation that enlarged the stir zone size and so the bonded area [18] . However, too high rotational speed also lowers the mechanical properties due the high heat input, which results in grain growth in the stirred region. As per the ANOVA results, dwell time is the most influencing parameter on the tensile shear failure load of friction stir spot welded low carbon automotive steel. The Though the effect of individual process parameter follows a trend as shown in Fig. 4 , there is a strong interaction effect of the process parameters on the tensile shear failure load, which is evidenced from Figs. 5 and 6. To understand the effect of process parameters, the macrostructure and corresponding load displacement curves of three joints, which yielded low, medium and high tensile shear failure loads are presented in Figs. 7 and 8 . From the macrostructure presented in Fig. 7 , it is inferred that the material from the bottom sheet was extruded and pushed upward closer to the pinhole irrespective processing condition used. This caused the joint interface to become a curved line indicating that the material was subjected severe plastic deformation during friction stirring. However, an unmixed region is observed in Fig. 7a and this indicates that the joint bonding was initiated, but not completed in full due to an unoptimized processing condition. Fig. 7b displays a defect free macrostructure with increased bond length due to the application of optimized process parameters. Though the bond length is higher in the case of the macrostructure shown in Fig. 7c , the joints showed inferior tensile shear failure loads compared to its counterpart due to the extrusion of more metal towards the shoulder region and poor surface roughness caused by an excess forging action. From the tensile shear failure load deformation curves presented in Fig. 8 , it is observed that during lap shear tensile testing, the crack was initiated from unmixed region and reached the pinhole by propagating the stir zone. The joints failed in interfacial mode yielded lower tensile shear failure as it is expected. The joints, which recorded medium and highest failure loads showed nugget pullout by sheet tearing. However, the crack was initiated in the bottom sheet for the joint, which yielded medium failure load due excessive forging condition exerted by the processing conditions used. Whereas, the failure was initiated in the top sheet for the joint, which yielded maximum tensile shear failure load with extensive deformation due to proper metallurgical bonding and refined grain size of stir zone. The microstructure of friction stir spot welded low carbon steel joint that yielded highest strength was analyzed and is displayed in Fig. 9 . Six different regions, namely stirzone, thermomechanical affected zone, heat affected zone, partially bonded region and unbonded region were observed in friction stir spot welded low carbon automotive steel. The annealed ferritic phase of the base metal with the average grain size of 25 m is changed into fine equiaxed ferrite with average grain size of 6 m in stir zone, 8 m in TMAZ and 30 m in HAZ. EDS elemental mapping indicated that some oxides are formed and entrapped at the interface of partially bonded region. These oxides may be formed by surface oxidation during the plunge stage of welding and later incorporated into the interface along the partially bonded region. However, the effect these oxides on the tensile shear failure load and failure mode is not known and need to be evaluated by further research.
5.
Finding optimum process parameters
The response surface methodology (RSM) was used to optimize the parameters in this study. To obtain the influencing nature and optimized condition of the process on TSFL, the contour plots, which indicate the possible independence of factors, have been developed for the proposed empirical relation by considering one parameter in the middle level and two parameters in the x-and y-axes as shown in Fig. 10 . These contours can help in the prediction of the response (TSFL) for any zone of the experimental domain. A contour plot is also produced to display the region of the optimal factor settings visually. By analyzing the contour plots ( Fig. 10a-c) , stationary point can be obtained around which, the optimized values are available. In this investigation, numerical optimization was carried out using Design Expert Software V.8.0. The numerical optimization feature in the design expert package uses downhill pattern search algorithm and finds one point or more in the factors domain that would maximize the objective function [19] . The optimization module in design-expert searches for a combination of factor levels that simultaneously satisfy the requirements placed (i.e. optimization criteria) on the response and process factors. Based on the numerically solved values, overlay plot is constructed and the maximum tensile shear failure load (optimum) is located in Fig. 10d .
Validation experiments using optimized values
FSSW experiments were conducted to verify the accuracy of the developed empirical relationship presented in Eq. (4). Three friction stir spot welds were made using different values of rotational speed, plunge depth and dwell time randomly chosen from the optimized values based on desirability values other than that what were used in the design matrix. The results obtained were quite satisfactory and the details are presented in Table 7 . 
Conclusions
Empirical relationship developed from the experimental data obtained during friction stir spot welding of low carbon automotive steel was employed to study the relationship between tensile shear failure load and process parameters.
• Of the four parameters investigated, dwell time is found to have great influence on tensile shear fracture load (TSFL) followed by tool rotation speed and plunge depth.
• Interaction effect between the rotational speed and plunge depth, plunge depth and dwell is also having the predominant influence on tensile shear failure load and failure modes.
• A maximum tensile shear fracture load of 15.67 kN could be attained under the welding conditions of 1157 rpm of tool rotation speed, 0.05 mm of plunge depth and 22 s of dwell time. In this case, the maximum elongation was observed where the joint failure in sheet tearing mode.
